Introduction. Staphylococcus aureus is a recognised cause of foodborne intoxication and antibiotic-associated diarrhoea (AAD), which are both mediated by staphylococcal enterotoxins. However, unlike foodborne intoxication, AAD appears to require infection of the host. While S. aureus intoxication is widely studied, little is known about S. aureus pathogenesis in the context of gastrointestinal infection.
INTROdUCTION
Staphylococcus aureus is a known cause of food poisoning, which is the result of intoxication following the ingestion of food containing pre-formed staphylococcal enterotoxins (SEs) [1] . S. aureus is also a lesser known cause of antibioticassociated diarrhoea (AAD), which often presents as enterocolitis with large volumes of watery diarrhoea [2] [3] [4] [5] [6] [7] . Unlike food poisoning, S. aureus AAD is a gastrointestinal infection that often occurs following antibiotic-induced dysbiosis of the intestinal microbiota [8] . However, due to the focus on Clostridioides difficile as the major cause of AAD there is consequently a lack of screening for other aetiologies. Because of this, the burden of S. aureus in AAD is relatively unknown, and little is known about the pathogenesis of S. aureus during gut infection.
Most S. aureus strains isolated in AAD cases are methicillin resistant, and produce more than one SE [6, 9] , which are pyrogenic exotoxins with superantigenic activity [1] . Mice have a reduced sensitivity to SEs compared to humans due to differences in their MHC class II receptor molecules [10, 11] , and require a higher dose to see a comparative effect. For this reason, SEs are commonly assessed using murine intoxication models using purified toxin [12, 13] . Mouse models are also used to assess S. aureus gastrointestinal colonisation, commonly involving pre-treatment of mice with antibiotics to reduce endogenous gut microbiota and induce susceptibility to S. aureus colonisation [14] [15] [16] , followed by oral inoculation with S. aureus [14, 17, 18] , however gastrointestinal disease is rarely considered in these studies.
To address the lack of available animal models for the study of S. aureus gastrointestinal disease, we hypothesised that a well-established C. difficile mouse model of infection [19] that has previously been adapted for the study of non-C. difficile AAD [20] could be adapted for the study of S. aureus gastrointestinal infection in the context of the dysbiotic gut. Thus in this study, we aimed to establish this model and use it to explore the pathogenesis of S. aureus in the gut and the role of specific virulence factors. S. aureus colonisation in this model was confirmed using several strains. Further analysis was performed using the S. aureus strain RN8098 [21] , which produces staphylococcal enterotoxin B (SEB), a SE that is known to induce intestinal permeability, tissue damage, and inflammation in the gut following intraperitoneal injection of purified toxin [13, 22] . This work showed that S. aureus RN8098-mediated gut damage could be observed in the proximal and mid-small intestine, and provided insight into the pathways of damage caused by S. aureus during gastrointestinal infection using immunostaining for specific markers.
MeTHOdS

Bacterial culture conditions
S. aureus was cultured aerobically in heart infusion (HI) broth (Oxoid) with agitation, or HI agar at 37 °C. To prepare the inoculum for mouse infection, 20 ml HI broth was inoculated with an overnight broth culture to a starting OD 600 of 0.3, and grown to an OD 600 of 1.0. Cells were harvested by centrifugation at 10 000 g for 3 min, washed once with PBS, and then resuspended in PBS to a final concentration of 10 8 c.f.u. ml −1 .
Complementation of the S. aureus RN8098 seb mutant
The seb gene with 500 bp of upstream sequence was cloned from S. aureus RN8098 genomic DNA into the plasmid pALC2073 [23] using forward primer 5′ GCAA GGTA CCAA CCTA GTGA TCGT TTAAAAGC 3′ and reverse primer 5′ GCAA GAAT TCTC ACTT TTTC TTTG TCGT AAGAT 3′. The plasmid pALC2073-seb was propagated in S. aureus RN4220 [24] , re-isolated using QIAprep Spin Miniprep Kit (QIAGEN; as per manufacturer's instructions), and then electroporated into the S. aureus RN8098 seb mutant, as described previously [25] . Complementation was confirmed by PCR using forward primer 5′ GGGG ATGT GCTG CAAG GCGAT 3′ and reverse primer 5′ TGGA TCCC CTCG AGTT CATG AAAAAC 3′, which flank the insertion region of pALC2073, followed by nucleotide sequencing of the PCR product.
SdS-PAGe and Western blot
Culture supernatants from all S. aureus RN8098 derivative strains were separated by 12 % sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane. SEB was detected using anti-SEB rabbit polyclonal antibody (Abcam) at a concentration of 1 µg ml −1 , followed by a goat anti-rabbit IgG-HRP conjugate (Millipore; 1 : 10 000 dilution). Antibody binding was detected using Western Lightning Chemiluminescence reagent kit (Perkin-Elmer) as per manufacturer's instructions, and imaged using a Biorad Chemidoc system.
Murine model of non-C. difficile AAd
Animal experimentation was performed in accordance with Victorian State Government regulations and approved by the Monash University Animal Ethics Committee (AEC no. MARP/2014/145). Male 6-7 week old C57BL/6J mice (Walter and Eliza Hall Institute of Medical Research) were pre-treated with an antibiotic cocktail in the drinking water consisting of kanamycin (0.6 mg ml −1 ), gentamicin (0.0525 mg ml −1 ), colistin (1275 U ml −1 ), metronidazole (0.3225 mg ml −1 ), vancomycin (0.0675 mg ml −1 ) and cefaclor (0.45 mg ml −1 ) for 7 days, ceasing three days prior to inoculation to ensure that no residual antibiotic was present in the mice that may affect S. aureus colonisation. Each mouse was inoculated with approximately 10 7 c.f.u. by oral gavage, with one antibiotic pre-treated group left uninfected per experiment (referred to throughout as 'uninfected'). Prior to inoculation, faecal pellets from each group were screened to confirm the absence of S. aureus and C. difficile by plating on Mannitol Salt Agar (MSA; Merck) and CHROMID C. difficile agar (bioMérieux), followed by incubation at 37 °C for 48 h, under aerobic and anaerobic conditions, respectively. Throughout the course of infection, mice were monitored for weight loss, faecal consistency, and behavioural changes including alertness, movement and activity level. To enumerate bacterial shedding, faeces was collected at 24 h intervals, followed by resuspension in PBS at 100 mg ml −1 . Serial dilutions were plated on MSA and incubated at 37 °C for 48 h. In vivo retention of the seb complementation vector in mice infected with the seb complement strain was confirmed by patching 100 colonies per time point onto HI agar supplemented with 10 µg ml −1 chloramphenicol. Animals were humanely euthanised by CO 2 asphyxiation at defined endpoints. For time course analysis, one group of five mice was humanely euthanised at each time point up to 96 h post-inoculation. For all other infection trials, mice were humanely euthanised at 48 h post-inoculation. Following euthanasia, faecal pellets from each group of mice were again screened for C. difficile, and all uninfected mice were also screened for S. aureus, as described previously. Intestinal tissues were collected from each mouse and Swiss-rolled [26] prior to fixation in 10 % neutral-buffered formalin, and then processed, paraffinembedded, and sectioned at 4 µm.
Histological staining and scoring
Intestinal sections were stained with haematoxylin and eosin (H&E) using standard techniques. Imaging was performed using the Aperio Scanscope AT Turbo slide scanner and Aperio ImageScope version 12 software. Histological damage scoring was performed blinded as described previously [20] , where the length of each tissue section was measured, followed by length measurements of areas showing histological damage, which included structural damage to the mucosa/sub-mucosa, alterations to villus and crypt architecture, inflammation, and oedema. Histological damage scores are presented as a percentage of total tissue damaged.
Immunostaining
Immunostaining and imaging of E-cadherin, β-catenin, ezrin and proliferating cell nuclear antigen (PCNA) was performed as described previously [20] . Analysis of cellular proliferation and intestinal crypt density performed on PCNA-stained sections was also performed as described previously [20] , except that at least 100 fields of view were counted per group.
Isolation of genomic dNA and sequencing
S. aureus RN8098 wild-type strain genomic DNA was isolated using the QIAGEN DNeasy Blood and Tissue kit, as per manufacturer's instructions. Sequencing libraries were prepared with Nugen, Ovation Ultraflow System V2 (1-96) using protocol M01380v1, 2015. Sequencing was performed using Illumina MiSeq v2 to achieve paired end 150 bp reads. De novo genome assemblies were prepared using SPAdes and annotated using Prokka. The identities of proteins of interest were confirmed using NCBI BLASTp. Multi-locus sequence typing (MLST) was performed using Centre for Genomic Epidemiology (CGE) MLST 1.8 [27] , and spa typing was performed using CGE spaTyper 1.0 [28] . The S. aureus RN8098 genome sequence can be accessed under BioProject no. PRJNA430465.
Statistical analysis
Statistical significance of data was determined by the Kruskal-Wallis test with Dunn's multiple comparisons test or Mann Whitney U test, performed using GraphPad Prism 7.
ReSUlTS ANd dISCUSSION
Intestinal colonisation can be achieved by diverse S. aureus strains in a mouse infection model Despite the clinical importance of S. aureus, little is known about its pathogenesis in the context of gastrointestinal infection, which may be attributed to a lack of suitable animal models. Therefore, the widely-used infection model for C. difficile AAD [19, [29] [30] [31] was adapted for use in this study, with preliminary experiments utilising the commonly studied S. aureus strains SF8300 [32] and JH1 [33] , as well as the SEB-producing strain RN8098 [21] .
Results showed that colonisation could be achieved after inoculation of antibiotic pre-treated mice with 10 7 c.f.u. of any strain, with faecal shedding detected at each 24 h interval tested post-inoculation ( Fig. 1a ). Colonisation levels were highest at 24 h post-inoculation, and dropped significantly over time for all strains (Fig. 1a ), which is expected as the normal gut microbiota recovers in the absence of antibiotic treatment [34, 35] . Of note, when colonisation of inoculated bacteria is not achieved, they are cleared from the gut within 24 h, and cannot be detected in the faeces (unpublished data). However, S. aureus infection did not appear to induce severe clinical signs of disease, with all infected mice increasing in weight over the course of infection following an initial weight loss at 24 h post-inoculation (Fig. 1b) . No change in behaviour was observed in mice infected with any strain, and mice did not develop fulminant diarrhoea, however soft, unformed faeces were observed in infected mice only. The subtlety of these clinical symptoms is in line with the previous adaptation of this model for non-C. difficile AAD pathogens [20] , and therefore further analysis is likely required for the delineation of disease outcomes in this model.
S. aureus causes gastrointestinal damage in a mouse infection model
To observe and define the damage caused by S. aureus in this model, and to explore the contribution of SEB to this damage, further experiments were performed using S. aureus RN8098 in comparison to an isogenic seb mutant [21] and complemented mutant (this study). Prior to mouse infection trials, complementation of the seb mutant was confirmed via PCR ( Fig. S1 , available in the online version of this article), with the seb complement showing the expected band size of approximately 1.5 kb, and sequencing confirming the correct nucleotide sequence (not shown), confirming the carriage of pALC2073 with the seb gene insertion. SEB production by the complemented seb mutant was then confirmed in comparison to the wild-type and seb mutant strains by Western blot (Fig.  S2 ). Despite the lack of obvious clinical signs of disease seen in this model previously, histological analysis of intestinal tissues from infected mice revealed that S. aureus RN8098 wild-type infection resulted in damage in the proximal small intestine. This damage presented as disruption to intestinal epithelial cells with sporadic loss of nuclei staining, development of a subepithelial gap in the villi, villus blunting, and destruction of crypts and overall tissue architecture in sections (Fig. 2b) . Damage in the mid-small intestine was less prevalent and less severe, presenting primarily as surface epithelial damage and villus blunting (Fig. 2b) . Damage was most severe at 48 h postinoculation, and did not appear to obviously affect the distal small intestine, caecum, or colon (data not shown). This result supports a previous observation that S. aureus does not induce damage to the ileum or colon of mice following intravenous inoculation and dissemination to the gut, however proximal and mid-small intestinal tissues were not analysed [36] . Of note, increasing the inoculum of S. aureus RN8098 from 10 7 c.f.u to 10 9 c.f.u failed to obviously increase clinical signs of disease, or the level of histological damage observed (data not shown). Therefore, it is apparent that S. aureus gastrointestinal infection in this model presents as a subclinical disease, with infection-mediated damage evident via histological analysis of small intestinal tissues from infected mice in comparison to antibiotic pre-treated, uninfected mice.
Consistent with previous results for the wild-type strain, colonisation was achieved in mice infected with the RN8098 seb mutant and complemented strains, with a significant difference in colonisation levels at 24 vs. 48 h (P≤0.01), and no reduction in weight when compared to uninfected mice ( Fig. 2a) . Infection by the seb mutant and seb complement strains induced similar histopathological signs in the proximal and mid-small intestine to the wild-type infection, such as damage to the epithelial surface and loss of nuclei staining (Fig. 2b) . Scoring the level of histological damage caused by all RN8098-derivative strains revealed that SEBmediated damage during infection with S. aureus RN8098 could be detected in the proximal small intestine, with results showing that the seb mutant induced significantly less damage in comparison to the wild-type (P≤0.05) and seb complement (P≤0.01) strains (Fig. 2c) , however damage in the mid-small intestine was induced to a similar level by all infecting strains (Fig. 2c) .
These results suggest that SEB contributes to gastrointestinal damage during infection by S. aureus RN8098 in this model, providing evidence for the first time of the involvement of SEB during gastrointestinal infection rather than intoxication. However, the damage induced by the seb mutant implicates the involvement of virulence factors other than SEB in the gastrointestinal damage caused by S. aureus RN8098 infection, highlighting the difficulty of defining the contribution of specific S. aureus virulence factors in an infection model.
S. aureus disrupts markers of gastrointestinal epithelial integrity in a mouse infection model
To determine whether the S. aureus-mediated damage observed in this model affected the integrity of the gastrointestinal epithelium, immunostaining was performed for specific markers, including the adherens junction proteins E-cadherin and β-catenin. These proteins are essential for the maintenance of structural integrity of the gut epithelium, providing a physical barrier between the lumen of the gut and the basolateral membrane [37] . This analysis revealed disruption to E-cadherin and β-catenin along the length of the villi in the proximal and mid-small intestine of mice infected by all RN8098 derivative strains including the seb mutant (Fig. 3a) , despite the known ability of SEs to reduce the expression of adherens junction proteins [13, 38, 39] . For all strains, this damage was more prevalent in the proximal small intestine, affecting both E-cadherin and β-catenin or β-catenin alone in some areas (Fig. 3a) . In the mid-small intestine, adherens junctions were intact in the majority of the tissue analysed, however damage appeared in small patches, often only affecting β-catenin (Fig. 3a) .
The integrity of adherens junctions is also tightly linked with the maintenance of apical integrity due to associations between the cellular polarity protein ezrin and the actin cytoskeleton [40] . It is therefore unsurprising that the damage to ezrin was also induced by all infecting strains in the proximal and mid-small intestine (Fig. 3b ). This damage was also more prevalent in the proximal small intestine, with much of the mid-small intestine appearing healthy with small patches of damage detected (Fig. 3b ). Together, these results provide insight into the damage pathways of S. aureus RN8098 gastrointestinal infection, and further highlight the likely involvement of virulence factors other than SEB in the damage observed.
S. aureus alters gastrointestinal crypts in a mouse infection model
Due to the damage observed in the proximal small intestine of mice infected with S. aureus RN8098, we explored whether this had an effect on cellular proliferation within the stem cell niche by staining for the presence of the cellular proliferation marker PCNA (proliferating cell nuclear antigen) (Fig. 3c ). This analysis revealed that infection with S. aureus RN8098 does not appear to affect the rate of cellular proliferation in this model, with no difference in the mean number of PCNApositive cells per crypt detected between uninfected mice and mice infected with any strain (Fig. 3d ). This analysis did reveal, however, that the density of crypts within the mucosa of damaged areas of tissue was significantly lower in mice infected with the wild-type and seb complement strains when compared to healthy tissue from uninfected mice (P≤0.01 and P≤0.001, respectively) ( Fig. 3d ). While not statistically significant, crypt density was similarly low for mice infected with the seb mutant in comparison to uninfected mice (Fig. 3d ). This may suggest that although S. aureus RN8098 infection reduces crypt density, the remaining crypts appear to be healthy, providing further insight into the pathways of S. aureus gastrointestinal pathogenesis. . cellular polarity marker ezrin in the proximal and mid-small intestine following 48 h of infection with either S. aureus RN8098 WT, seb mutant, or seb complement. Tissues were collected from uninfected and infected mice and immunostained with E-cadherin (red) and β-catenin (green), or ezrin (green) and counterstained with DAPI (blue). Co-localisation of E-cadherin and β-catenin shows as yellow. Scale bar=100 µm. Detection of (c). cellular proliferation marker PCNA in the proximal small intestine following 48 h of infection with either S. aureus RN8098 WT, seb mutant, or seb complement. Proximal small intestine was collected from uninfected and infected mice and immunostained with PCNA (brown) and counterstained with haematoxylin (blue). Scale bar=100 µm. (d). Cellular proliferation was quantified by counting the number of PCNA positive and negative cells per crypt for 30 crypts per mouse, and is presented as the percentage of PCNA positive cells per crypt. Error bars=Mean± SEM; n=5-10 mice per group (WT=10; seb mutant=10; seb complement=9; uninfected=5). Crypt density was quantified by counting the number of crypts in a defined field of view for uninfected mice in comparison with fields of view from infected mice where histological damage was observed. At least 100 fields of view were counted per group (WT=146; seb mutant=126; seb complement=102; uninfected=100), and results are presented as the average number of crypts per field of view. Error bars=Mean± SEM; n=5-15 mice per group (WT=15; seb mutant=15; seb complement=9; uninfected=5). Statistical significance was determined using the Kruskal-Wallis test with Dunn's multiple comparisons test (**P≤0.01, ***P≤0.001).
S. aureus RN8098 encodes numerous virulence factors
Given that S. aureus RN8098 caused damage in the small intestine of infected mice independent of SEB, we were interested in identifying what other virulence factors were encoded by this strain. Whole genome sequencing and bioinformatic analysis of S. aureus RN8098 (ST250, spa type t008) revealed the presence of numerous genes encoding putative virulence factors including adhesion factors, immune modulators, secretion systems, and siderophores (Table S1 ). The presence of the gene encoding SEB was confirmed, and importantly, genes encoding other toxins were detected, including the staphylococcal enterotoxin-like proteins SEK and SEQ, leucotoxins LukED and LukGH, as well as several other exotoxins and superantigen-like proteins. As noted previously, a redundancy in virulence factors capable of causing gastrointestinal damage may obfuscate the damage caused by a particular virulence factor, and as such, the complete delineation of damage caused specifically by SEB was not possible in this study, supporting the continued need for in vitro analyses and intoxication models in the characterisation of S. aureus infection. However, it is important to consider how these results will apply under infection conditions in the context of a complex in vivo environment, as addressed by the work in this study.
Taken together, the results of this study contribute to a more comprehensive understanding of S. aureus pathogenesis in the gastrointestinal tract, providing novel insight into the disruption of host processes and the role of specific virulence factors during S. aureus gastrointestinal infection. While S. aureus AAD in humans exhibits symptoms that were not seen in this model, such as large volume diarrhoea and macroscopic gut pathologies including pseudomembranes [8] , it is reported to primarily affect the small intestine, which was reflected in the model established in this study. Further optimisation of this model may be achieved through changes to antibiotic pre-treatment or S. aureus strain selection, which are factors that have been explored successfully in the development of C. difficile animal models [41] . Therefore, despite exhibiting a milder form of disease compared to S. aureus AAD in humans, the development of a mouse model of S. aureus gastrointestinal infection, utilising a single oral inoculation of S. aureus following non-invasive antibiotic pre-treatment provides a novel platform for the analysis of S. aureus in the context of the dysbiotic gut, which may contribute to future studies of this multi-faceted pathogen.
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